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1   INTRODUCTION 
 
In the last decades, the environmental pollution in-
tensification has led to an increase of the develop-
ment of corrosion phenomena in reinforced concrete 
(r.c.) structures. 
Among the different forms of concrete structures 
degradation, one of the most important ones in-
volves the steel rebars corrosion due to external fac-
tors as the presence of chlorides in concrete or the 
carbonation effects. 
The durability of reinforced concrete structures 
has a fundamental influence on their safety evalua-
tion. This is more and more important for strategic 
structures, like the case of the bridges of the Italian 
motorway network. In fact, most of these bridges 
were built in the late 60’s and therefore now they 
should be subjected to maintenance operations in or-
der to ensure a high safety level. At the same time, 
awareness and increased attention to seismic capaci-
ty evaluation of this type of structures has grown. 
This paper investigates the correlation between 
the carbonation effects on r.c. viaducts and their 
seismic performance. 
2   CORROSION OF STEEL IN CONCRETE: 
THE CARBONATION EFFECTS 
 
Carbonation occurs when carbon dioxide, from air, 
penetrates into the concrete and reacts with hydrox-
ides, such as calcium hydroxide, to form carbonates. 
This chemical reaction reduces the pH value of the 
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ABSTRACT: Recently, the engineering interest about the durability of existing reinforced concrete structures has significantly in-
creased as confirmed by the conspicuous scientific literature. The results of these studies are influencing the development of new 
structural codes. Among the wide range of existing reinforced concrete structures, motorway viaducts stand out for their strategic 
relevance. Most of these structures were built between ’60 and ’70 years and, nowadays, the materials degradation phenomena are 
leading to strength capacity reduction, either in serviceability condition or in presence of exceptional loads such as the seismic ac-
tion. In order to evaluate the degradation phenomena effects on the seismic vulnerability of motorway viaducts, this paper shows a 
new procedure to evaluate the seismic performance of reinforced concrete bridges starting from the modelling of the materials deg-
radation - according to several scenarios - and by carrying out multimodal pushover analyses. 
The degradation is considered in terms of reduction of the concrete cross-section and steel rebar area. The results give an accurate 
estimation of seismic performance in terms of seismic vulnerability index variation and consequent management activities (e.g. 
planning and execution of rehab works). / Durante gli ultimi anni, l’interesse ingegneristico riguardo al tema della durabilità delle 
opere strutturali realizzate in calcestruzzo armato si è notevolmente accresciuto, come dimostra la letteratura specialistica in questo 
settore. I risultati di questi studi stanno cominciando a influenzare lo sviluppo dei nuovi codici strutturali. Tra tutte le opere in ce-
mento armato, i viadotti autostradali spiccano per importanza strategica. La maggior parte di questi viadotti è stata realizzata negli 
anni ’60 e ’70 dello scorso secolo e, oggigiorno, i fenomeni di degrado dei materiali costituenti l’opera stanno portando ad una ridu-
zione della capacità resistente, sia in condizioni di carico di servizio che in presenza di carichi eccezionali come, ad esempio, 
l’azione sismica. Al fine di valutare l’incidenza dei fenomeni di degrado del calcestruzzo armato sull’incremento della vulnerabilità 
sismica dei viadotti autostradali, si è provveduto a sviluppare una procedura di verifica che anteponesse alla classica analisi di vul-
nerabilità sismica, eseguita mediante pushover multimodale, una modellazione del degrado degli elementi del viadotto, in termini di 
riduzione della sezione di calcestruzzo e d’area delle barre d’armatura longitudinali e trasversali, secondo diversi scenari più o meno 
severi. Ciò ha consentito di valutare l’evoluzione dell’indice di rischio sismico del viadotto, e del conseguente tempo di intervento, 
al crescere dell’età dell’opera. 
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pore solution to as low as 8.5, resulting in a no more 
stable passive film on the surface of steel rebars. 
Two main phases can be identified during the 
corrosion process development: initiation phase and 
propagation phase. 
Carbonation starts on the external surface of con-
crete and then propagates toward the inner volume 
with a parabolic trend characterized by the following 
penetration law: 
 
s = K · t1/n                                                             (1) 
 
where the thickness of the carbonated layer s ad-
vances as a function of the penetration rate coeffi-
cient K, through time t. For normal compacted con-
cretes, n is usually assumed equal to 2. 
The parameter K, which defines the penetration 
rate of carbonation, depends on both environmental 
factors and chemical/physical properties of concrete 
(Figure 1). 
Figure 1. Penetration rate of carbonation / Velocità di pene-
trazione della carbonatazione 
 
Once the depth of the carbonated layer reaches 
the concrete cover thickness, the passive layer 
around rebars is destroyed and steel corrosion be-
gins. In this second phase, the main factor which de-
termines the amount of corrosion rate is the concrete 
resistivity, while other concrete characteristics such 
as cement type, water/cement ratio, etc., play a sec-
ondary role. 
The corrosion rate is negligible for low relative 
humidity (less than 50%) and only in saturation con-
dition it is possible to reach maximum corrosion rate 
values near 100 µm/year. Typical corrosion rate val-
ues for environmental natural conditions, consider-
ing atmospheric agents’ interaction effects, range be-
tween 5 and 50 µm/year. It is possible to observe 
that, in the maximum carbonation rate conditions 
(relative humidity between 50 and 80%), the corro-
sion is characterized by low penetration rate and 
vice versa. It is therefore considered that the worst 
situation is characterized by alternation of low and 
high humidity conditions, as it happens in the case 
of concrete exposed to rain. 
When the steel rebar corrosion is due to carbona-
tion effects, it is necessary to consider both the initi-
ation ti and propagation tp time. By defining a max-
imum diameter reduction value of the rebars Plim 
related to the relevant structure limit state (e.g. life 
safety or operational loss), it is possible to define the 
following equation: 
 
tres = ti + tp – tactual = (c/K)2 + (Plim/icorr) – tactual       (2) 
 
where: tres is the residual working life of the struc-
ture [years], tactual the age of the structure, K the car-
bonation coefficient [mm/years0.5], icorr the mean 
corrosion rate and c the concrete cover thickness 
[mm]. 
To carry out a correct corrosion development 
analysis, it is necessary to subdivide the structure in 
homogeneous regions characterized by same con-
crete cover thickness and environmental exposure 
conditions. 
3   PUSHOVER ANALYSIS 
3.1   Introduction 
The pushover analysis allows the evaluation of non-
linear behavior of structures under an incremental 
horizontal action. This kind of analysis is widely 
used in the evaluation of existing structures and in-
frastructures seismic behavior; three basic concepts 
can be found in it (ATC-40, 1996): the capacity 
curve, the demand spectrum and the performance 
point. 
The capacity curve characterizes the resistance 
capacity of a structure subjected to a horizontal load-
ing profile up to a predefined limit condition. This 
curve is usually plotted in a diagram correlating the 
top displacement in relation to the base shear of the 
whole structure. The increasing horizontal load pro-
file is often assumed as a vibration mode shape: 
 
sn* = MΦn                                                             (3) 
 
where: M is the mass matrix of the structure, Φn is 
the n-th eigenvector and sn* is the loading vector ap-
plied to the structure. The capacity curve can be 
converted in the so-called ADRS plane, in terms of 
spectral displacement Sd and spectral acceleration 
Se: 
 
Se = Vbn/ Mn*  , Sd = urn/ΓnΦrn                                (4) 
 
where: Vbn is the base shear of the structure for the 
n-th mode shape, urn is the top displacement value of 
the monitoring point for the n-th mode shape, Mn* is 
the modal mass of the n-th mode, Γn is the modal 
participation factor and Φrn is the monitoring point 
component of the n-th eigenvector. 
The demand curve of the design earthquake is also 
represented by an ADRS spectrum, that can be ob-
tained from horizontal acceleration response spec-
trum by means of the following equation: 
 
Sd = (1/4π2) · Se · T2                                              (5) 
 
where T is the vibration period of the structure. 
The performance point is then defined as the in-
tersection point, in the ADRS plane, between the ca-
pacity curve and the demand curve (Fig. 2a), repre-
senting the situation in which the structure is 
actually working under the considered specific seis-
mic input. 
Figure 2. Performance point calculation (a), capacity curve 
idealization (b), scaled demand spectrum (c) / Calcolo del pun-
to di funzionamento (a), modello idealizzato della curva di ca-
pacità (b), spettro di domanda scalato (c) 
 
In order to calculate the performance point, sev-
eral techniques have been proposed over the years 
(Causevic and Mitrovic, 2011). A demand reduction 
coefficient (in terms of behavior factor or damping 
coefficient) can be calculated through a bi-
linearization of the capacity curve (Fig. 2b), in order 
to take into account the energy dissipation which oc-
cur in the post-elastic phase. The intersection be-
tween the reduced demand spectrum and capacity 
curve identifies the performance point related to the 
specific seismic input. The performance point evalu-
ation method adopted in this work is the Capacity 
Spectrum Method (CSM) (ATC-40, 1996; FEMA 
356, 2000; FEMA 440, 2005). This procedure in-
volves the following main points: 
1.  seismic demand definition in terms of ADRS 
spectrum; 
2.  determination of the first point api, dpi on the ca-
pacity curve (Fig. 2b); 
3.  bi-linearization of the capacity curve with a KI 
elastic stiffness, followed by a hardening branch 
having a slope defined by the energy equiva-
lence rule between the capacity curve and its bi-
linear idealization. This rule defines the two 
equal areas A1 and A2 and the ideal yielding 
point ay and dy, as well as the first intersection 
point api, dpi (Fig. 2b); 
4.  scaling of the demand spectrum on the basis of 
the effective damping coefficient calculated by 
taking into account both the hysteretic damping 
(related to the cyclic plastic deformations) and 
the inherent damping (Fig. 2c); 
5.  evaluation of the performance point by intersec-
tion of the capacity curve and the scaled de-
mand spectrum by means of an iterative proce-
dure. 
 
3.2   Multi-Modal Pushover Analysis 
In the case of special structures, such as motorway 
bridges, the choice of the load profile adopted to 
control pushover analysis is not unique and may de-
cisively influence the results. For this reason, vari-
ous pushover analysis methods have been proposed 
to take into account the dynamic behavior of the 
structure, evaluating the nonlinear seismic response 
by means of combination of several significant 
modes (Chopra and Goel, 2002). In this case, N ca-
pacity curves must be determined, one for each con-
sidered vibration mode. For each considered modal 
load profile, the relative performance point is calcu-
lated considering the relevant seismic demand spec-
trum. After the evaluation of the performance point, 
the value of displacements or stresses of the various 
structural elements, for each mode, are combined by 
means of the classical modal combination rules: 
CQC or SRSS. 
4   STRUCTURAL MODELLING 
4.1   Introduction 
For the implementation of finite element models of 
bridge structures, it is possible to use only linear el-
ements in order to limit the computational costs and 
to obtain results that can be used directly for design 
considerations. 
The stiffness reduction of the structural elements 
caused by concrete cracking, especially for the piers, 
is an important aspect to be taken into account in the 
simulation of the dynamic behavior of bridges. This 
phenomenon can be considered by applying a specif-
ic scaling coefficient to the concrete gross section 
elastic stiffness, obtained from the moment-
curvature (M-χ) diagram, according to Eurocode 8-2 
(§ 2.3.6.1, 2005). During the analysis, the sum of 
structural and nonstructural masses is considered, 
but the masses of traffic loads are neglected (NTC, § 
3.2.4, 2008). 
Another fundamental step in the implementation 
of pushover analysis regards the definition of the 
material non-linearity. Two different types of re-
sistance mechanisms can be recognized in the be-
havior of structural elements: a “ductile mecha-
nism”, characterized by load-displacement curves in 
which an elastic phase is followed by an extended 
plastic branch and, on the other hand, a “brittle 
mechanism”, represented by a linear load-
displacement relation-ship up to failure, beyond 
which there is a sudden drop of resistance. 
In the case of reinforced concrete bridge piers, the 
“ductile mechanism” is closely related to the rota-
tional capacity of the plastic hinges. On the contrary, 
the “brittle mechanism” is controlled by the shear 
strength of the structural element. 
4.2   Materials 
The choice of material constitutive laws is a critical 
step in modelling because of its direct influence on 
the nonlinear analysis results. In particular, constitu-
tive laws must take into account, even if in a simpli-
fied way, the complex phenomena that occur inside 
the structural elements. Concrete behavior is signifi-
cantly affected by the amount of transverse rein-
forcement through the confinement effect. The con-
crete model proposed by Kent and Park is adopted in 
the following; only the compressive behavior is con-
sidered. This constitutive law allows to take into ac-
count the effect of transverse reinforcement con-
finement on the compressive strength by means of 
the confinement parameter K (Fig. 3a), while the co-
efficient Z describes the material deterioration in 
softening phase. The Park strain hardening model is 
used for steel reinforcement. 
 
Figure 3. Concrete (a) and steel (b) constitutive laws / Leg-
gi costitutive del calcestruzzo e dell’acciaio 
4.3   Ductile collapse mechanism 
The non-linear behavior of the structure is intro-
duced in the finite element model of the viaduct by 
means of appropriate plastic hinges, usually placed 
at the base of the piers (Fig. 4), where the formation 
of a ductile mechanism can be assumed. 
 
 
Figure 4. Location and modelling of the plastic hinge (PH) 
at the base of a pier / Individuazione e modellazione della 
cerniera plastica alla base delle pile 
 
The needing to define an analytical model of the 
plastic hinge suggests to extrapolate it from the mo-
ment-curvature M-χ curve with the selection of a 
couple of values that summarize the performances of 
the section behavior. The first yield point is used to 
define the stiffness of the cracked section and the 
load level which corresponds to the beginning of the 
hardening branch. The second M-χ point is assumed 
as the ultimate curvature and allows the definition of 
the ultimate capacity of the member in terms of 
“curvature ductility” µϑ, defined as the ratio between 
the ultimate and yield curvatures: 
 
µϑ = χu / χy                                                                                          (6) 
 
After that, the information taken from the M-χ 
curve have to be transformed in a moment-rotation 
diagram. This step requires the definition of the plas-
tic hinge length Lpl, over which the sectional curva-
tures will be integrated. Assuming a constant distri-
bution of bending moment in the plastic hinge 
region, the yield and ultimate rotations can be de-
fined as follows: 
 
ϑy = Lpl · χy ,  ϑu = Lpl · χu                                     (7) 
 
The plastic hinge length Lpl is evaluated accord-
ing to the expression proposed by Eurocode 8 
(2005): 
 
Lpl = 0.1LV · 0.17h · 0.24 · dbl · fy / fc0.5                 (8) 
 
where: dbl is the diameter of the longitudinal rein-
forcement, fy is the yield stress of the steel rebars 
and fc is the compressive strength of the concrete. 
The guideline FEMA-356 (§ 2.4.4.3, 2000) shall 
be used for the definition of the capacity curves of 
the structure (base shear versus top displacement). 
According to this guideline, the plastic hinge consti-
tutive law (Fig. 5a) is defined by an initial linear 
elastic part (AB), followed by a hardening branch 
(BC). The point C represents the maximum bending 
moment of the structural element and the corre-
sponding rotation expresses the point over which 
there is a sudden decrease in resistance (CD). Final-
ly, the residual strength is described by a constant 
moment branch conventionally assumed equal to 
20% of the maximum moment (DE). Beyond the 
point E, the structural element provides no re-
sistance. 
The verification criterion in terms of rotation, 
which identifies the achievement of the considered 
limit state (in this case the “Life safety limit state”, 
SLV in the following), is assumed equal to ¾ of the 




Figure 5. FEMA plastic hinge constitutive law for ductile 
mechanism (a) and brittle mechanism (b) / Definizione dei le-
gami costitutivi delle cerniere plastiche per il meccanismo dut-
tile (a) e per quello fragile (b) secondo la FEMA 
4.4   Brittle collapse mechanism 
In case of brittle collapse mechanism, the definition 
of the nonlinear properties must take into account 
some peculiarities related to the shear behavior of 
existing reinforced concrete members. These kind of 
structures were generally designed in the past to re-
sist against small lateral loads. Thus, their horizontal 
bearing capacity (e.g. seismic resistance) is low. 
In the present work, the shear strength of the piers 
was assumed as reported in Eurocode 8-3 (§ A.3.3.1, 
2005), where the cyclic shear resistance VR in the 
plastic hinge region is defined as the sum of three 
factors depending on axial load, concrete strength 
and transversal rebars. 
After the calculation of the shear strength VR, the 
analytical elastic-brittle constitutive law proposed in 
FEMA-356 (2000) is assumed. This curve (Fig. 5b) 
is based on the same rules previously described for 
the ductile mechanism except for the absence of a 
plastic branch, according to the brittle behavior of 
this kind of failure. 
The verification criterion in terms of shear 
strength, which identifies the achievement of the 
considered limit state (SLV), is assumed equal to the 
maximum shear VR. 
5   CASE STUDY 
5.1   Introduction 
In this paper, the above described procedure is ap-
plied to a motorway viaduct, as an example. The 
considered viaduct is characterized by two adjacent 
and independent carriages, one for each direction, 
consisting in a sequence of 12 simply supported 32 
m length spans (Fig. 6). 
 
Figure 6. FEM model of the viaduct / Modello ad elementi 
finiti del viadotto 
 
The viaduct box-girder deck is realized in precast 
concrete. Each span of the viaduct is supported by 
2×3 elastomeric bearings placed at the ends of each 
longitudinal beam. 
Each pier is structurally independent from the ad-
jacent one and it has a hollow rectangular cross sec-
tion (5.60×2.00 m) and a thickness of 80 cm (Fig. 7). 
At the top of every reinforced concrete pier, there is 
a hammerhead cap where the elastomeric bearings 
are settled. The piers are made of C25/30 cast in 












Figure 7. Piers section / Sezione delle pile 
5.2   Degradation analysis 
The carbonation corrosion effects on rebars, in terms 
of diameter reduction, are evaluated in three differ-
ent scenarios characterized by different increasing 
corrosion. The degradation law adopted in this work 
is governed by the following equations, regarding 
bar diameter (d) and cross section area (As) respec-
tively: 
 
d(t) = d0 – 2Px = d0 – 2icorrk(t – ti)                         (9) 
 
As(t) = π[d0 – 2icorrk(t – ti)]2 / 4                           (10) 
 
The rebars diameter reduction (d0 – d) depends on 
two parameters: the intensity of corrosion icorr and 
the initiation time ti. The first parameter is provided 
by experimental results and design codes while the 
initiation time has been considered as a statistical 
variable. Initially, the concrete cover thickness was 
assumed to be 25 mm. This procedure was repeated 
assuming different concrete types. 
 
Figure 8. Initiation time vs w/c ratio / Tempo di innesco in 
relazione al rapporto acqua cemento del calcestruzzo 
 
An initiation time of 13.5 years and a wa-
ter/cement (w/c) ratio of 0.6 (Tab. 1, Fig. 8) were 
considered in this work because the viaduct was 
built between ‘60 and ‘70 years. The corrosion in-
tensity ratios are taken according to EURAM stand-
ards (Tab. 2). Three corrosion scenarios are consid-
ered: slight, moderate and high corrosion levels. 
 
Table 1. Initiation time estimation / Stima del tempo di innesco 
 Probability 
w/c 99% 50% 
0.4 61.7 years 60.4 years 
0.5 26.3 years 26.0 years 
0.6 13.7 years 13.5 years 




Dhir et al. Brite/EURAM 
Middleton 
et al. 
Negligible - < 0.1 - 
Slight 0.1 0.1÷0.5 0.1÷0.2 
Moderate 1.0 0.5÷1.0 0.2÷1.0 
High 10 > 1.0 > 1.0 
 
Moreover, degradation effect was evaluated in 
two different times: at building time and after 45 
years of service life. In this way, it is possible to 
evaluate the seismic vulnerability increase of the vi-
aduct with time. The constant parameters for the 
three above mentioned scenarios are resumed in Ta-
ble 3. The following Figure 9 summarizes the evalu-
ation of the progressive diameter reduction of both 
longitudinal and transversal rebars due to corrosion, 
calculated through equations (9) and (10). 
 
Table 3. Constant parameters / Parametri costanti 
Parameter Value 
fck 25 MPa 
ti 13.5 years 
k 0.0116 











icorr [μA/cm2]  =  0.1
d0  [mm] d [mm] red [%] εu  [%]
8 7.9 0.9 8.85
16 15.9 0.5 8.93
SCENARIO  2
icorr [μA/cm2]  =  1
d0  [mm] d [mm] red [%] εu  [%]
8 7.3 9.1 7.53
16 15.3 4.6 8.27
SCENARIO  3
icorr [μA/cm2]  =  5
d0  [mm] d [mm] red [%] εu  [%]
8 4.3 45.7 1.66
16 12.3 22.8 5.33  
Figure 9. Corrosion flow chart / Diagramma di flusso della 
corrosione 
 
Even if scenarios 1 (slight) and 3 (high) are not 
realistic on the basis of the on-site corrosion meas-
urements, their results are here still considered for 
comparison purposes. 
The evolution of the moment-curvature diagrams 
of the base cross section of piers, for the three dif-
ferent corrosion scenarios, is reported in Figures 10 
and 11. Figure 10 shows a decrease in terms of both 
maximum moment and ductility, when corrosion in-
creases. Differently, in y-y direction (Fig. 11), it is 
possible to observe a decrease of maximum moment 
together with an increase of ductility, according to 
Bossio et al. (2014). 
Another consequence of the corrosion process is a 
progressive reduction of piers stiffness, resulting in 
an increase of vibration natural periods, especially 


















M-­ϑ -­ Pier  6  x-­x
No  degrado Scenario  2 Scenario  3
No  degrado_smooth Scenario  2_smooth Scenario  3_smooth  
Figure 10. Moment-Curvature diagram (x-x direction) / 

















M-­ϑ -­ Pier  6  y-­y
No  degrado Scenario  2 Scenario  3
No  degrado_smooth Scenario  2_smooth Scenario  3_smooth  
Figure 11. Moment-Curvature diagram (y-y direction) / 
Diagramma Momento-Curvatura in direzione y-y 
 
 
Figure 12. Natural periods for the three different corrosion 
scenarios / Valore dei periodi per i tre diversi scenari di corro-
sione 
 
Finally, capacity curve for all the significant vi-
bration modes shapes of the viaduct can be deter-
mined according to the procedure described in para-
graph 5, for the three scenarios (Fig. 13 and 14). 
At last, to complete the vulnerability assessment, 
the multi-modal pushover analysis con be developed 
iteratively by increasing the seismic demand spec-
trum, until the required limit state is reached. The 
seismic demand related to the achievement of a par-
ticular limit state can be characterized by its peak 
ground acceleration ag,max or return period TR,max 
values, that corresponds to the severity and recur-
rence of the earthquake, respectively. 
 
Figure 13. Capacity curves for ductile mechanism / Curve 
di capacità per il meccanismo duttile 
 
 
Figure 14. Capacity curves for brittle mechanism / Curve di 
capacità per il meccanismo fragile 
 
On the basis of these values, the dimensionless 
risk indices of the viaduct can be calculated as fol-
lows: 
-   risk index in acceleration (IRag): is the ratio be-
tween capacity (ag,max) and demand (ag,d) in terms 
of peak ground acceleration (PGA); 
-   risk index in return period (IRTR): is the ratio be-
tween capacity (TR,max) and demand (TR,d) in 
terms of return periods of the earthquake. 
Values close to one or greater than one character-
ize cases where the risk level is acceptable; low val-
ues close to zero characterize high-risk structures. 
The risk indices of the considered viaduct are listed 
in Tables 4 and 5. 
 
Table 4. Risk indices for ductile mechanism / Indici di rischio 






Undamaged 1.649 2.667 
Moderate 1.552 (-6%) 2.558 (-4%) 
High 1.391 (-16%) 2.387 (-10%) 
IRTR 
Undamaged 1.931 3.641 
Moderate 1.783 (-8%) 3.446 (-5%) 
High 1.543 (-20%) 3.145 (-14%) 
 
 
Table 5. Risk indices for brittle mechanism / Indici di rischio 






Undamaged 0.822 1.327 
Moderate 0.754 (-8%) 1.238 (-7%) 
High 0.619 (-25%) 0.958 (-28%) 
IRTR 
Undamaged 0.788 1.451 
Moderate 0.714 (-9%) 1.323 (-9%) 
High 0.576 (-27%) 0.949 (-35%) 
6   CONCLUSIONS 
The over time progressive deterioration of concrete 
structures implies a reduction of their capacity and a 
modification of their dynamic behavior under seis-
mic actions. 
In this work, the effects of steel corrosion on a re-
inforced concrete viaduct, caused by carbonation, 
are analyzed. The degradation was modelled by in-
troducing variations in steel constitutive law and by 
considering a reduction of rebars area. 
The analysis was performed by implementing a 
viaduct finite element model in three different corro-
sion scenarios; for each scenario, in order to obtain 
the values of seismic risk indices, a multi modal 
pushover analysis was executed. All these models 
are characterized by concentrated plastic hinges at 
the base of the piers. 
The results showed a general increase of structure 
vibration periods when degradation increase, togeth-
er with a loss of resistance for both the ductile and 
brittle mechanisms (Fig. 15). 
Il progressivo deterioramento nel tempo delle strut-
ture in calcestruzzo armato implica una riduzione 
della loro capacità resistente e una modifica del loro 
comportamento dinamico in presenza di azioni si-
smiche. 
In questo lavoro sono stati presi in considerazione 
gli effetti della corrosione indotta dalla carbonata-
zione. Gli effetti del degrado sono stati modellati in-
troducendo delle variazioni nella legge costitutiva 
dell’acciaio e considerando una riduzione dei diame-
tri delle barre longitudinali e trasversali. 
L’analisi è stata condotta considerando tre diffe-
renti scenari di corrosione implementando, per cia-
scuno di essi, un modello ad elementi finiti. Median-
te questi modelli, caratterizzati da cerniere plastiche 
concentrate alla base delle pile, si sono eseguite del-
le analisi di tipo pushover multimodale in modo da 
ottenere gli indici di rischio sismico. 
I risultati ottenuti hanno mostrato un aumento del 
periodo proprio all’aumentare del fenomeno di de-
grado ed una progressiva perdita di resistenza sia per 
quanto riguarda il meccanismo duttile sia per quanto 
riguarda quello fragile. 
 
 
Figure 15. Reduction of risk indices for different scenarios / 
Riduzione degli indici di rischio per i differenti scenari 
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